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I n f o r m a t i o n  i n  t h e  r e p o r t  i s  embargoed  u n d e r  t h e  D e p a r t m e n t  
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i n g  D e v e l o p m e n t  C e n t e r  (AETS), o r  h i g h e r  a u t h o r i t p  w i t h i n  t h e  
D e p a r t m e n t  o f  t h e  A i r  F o r c e .  P r i v a t e  i n d i v i d u a l s  o r  f i r m s  r e q u i r e  
a D e p a r t m e n t  o f  S t a t e  e x p o r t  l i c e n s e .  

T h i s  t e c h n i c a l  r e p o r t  h a s  b e e n  r e v i e w e d  and i s  a p p r o v e d .  

Eugene  C. F l e t c h e r  
L t  C o l o n e l ,  USAF 
AF R e p r e s e n t a t i v e ,  VKF 
D i r e c t o r a t e  o f  T e s t  

Roy R. Crop ,  J r .  
C o l o n e l ,  USAF 
D i r e c t o r  o f  T e s t  
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ABSTRACT 

T e s t s  w e r e  c o n d u c t e d  i n  T u n n e l  C o f  t h e  y o n  K~rm~n Gas  D y n a m i c s  
F a c i l i t y  t o  o b t a i n  d y n a m i c  s t a b i l i t y  d a t a  f o r  s h a r p  a n d  b l u n t e d  1 0 -  
d e g  h a l f - a n g l e  c o n e s .  W i t h  b o t h  a f r e e - o s c i l l a t i o n  g a s  b e a r i n g  
p i v o t  b a l a n c e  s y s t e m . a n d  a f o r c e d - o s c i l l a t i o n  c r o s s - f l e x u r e  p i v o t  
b a l a n c e  s y s t e m ,  d a t a  w e r e  o b t a l n e d  a t  a n o m i n a l  Mach n u m b e r  o f  10 
a t  f r e e - s t r e a m  R e y n o l d s  n u m b e r s ,  b a s e d  o n  m o d e l  l e n g t h ,  r a n g i n g  
f r o m  1 . 8 0  x 10 ° t o  3 . 1 9  x 10 ° .  T h e  e f f e c t s  o f  b o u n d a r y - l a y e r  
t r a n s i t i o n ,  a m p l i t u d e  o f  o s c i l l a t i o n ,  n o s e  b l u n t n e s s ,  a n d  m o d e l  
c e n t e r - o f - g r a v i t y  l o c a t i o n  on  t h e  d y n a m i c  a n d  s t a t i c  s t a b i l i t y  
d e r i v a t i v e s  a r e  p r e s e n t e d .  C o m p a r i s o n  o f  d a t a  f r o m  t h e  f r e e -  a n d  
f o r c e d - o s c i l l a t i o n  t e s t  t e c h n i q u e s  a n d  t h e  e f f e c t  o f  f r e q u e n c y  o f  
o s c i l l a t i o n  o n  t h e  d a m p i n g - i n - p i t c h  d e r i v a t i v e s  a r e  a l s o  p r e s e n t e d .  
T h e  d e r i v a t i v e s  a r e  c o m p a r e d  w i t h  s t e a d y  a n d  u n s t e a d y  f l o w  f i e l d  
t h e o r i e s .  

This document is subject to special export controls 
and each transmittal to foreign Governments or foreign 
nationals may be made on])" with prior approval of 
~rno]d Engineering Deve|opment Center (AETS), 
Arnold Air F'orce Station, Tennessee 31".389. 
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M 
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q~ 

Re L 

Re~ 

Re/  

r b 
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(I 

d 
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NOMENCLATURE 

R e f e r e n c e  a r e a  (model base  a r e a ) ,  f t  2 

N o r m a l - f o r c e  c o e f f i c i e n t ,  normal  f o r c e / q ~  A 

~CN/~U , I/rad 

Pitching-moment coefficient, pitching moment/q~ Ad 

bCm/~(qd/2V ~) , 1 / r a d  ) 

~Cm/Sa , I/rad ~ Effective values 

~Cm/~(dd/2V~), i/rad ) 

Reference length (model base diameter), ft 

Virtual model length (see Fig. 5), ft 

Actual model length (see Fig. 5), ft 

Free-stream Mach number 

Pitching velocity, rad/sec 

Free-stream dynamic pressure, Ib/ft 2 

Free-stream Reynolds number based on virtual model length 

Free-stream Reynolds number based on model length 

Free-stream unit Reynolds number, i/ft 

Model base radius, in. 

Model nose radius, in. 

Free-stream velocity, ft/sec 

Distance from virtual model nose to pivot axis (see 
F i g .  5),  f t  

Distance from model nose to pivot axis (see Fig. 5), ft 

Angle of a t t a c k ,  r ad  

Time rate of change of angle of attack, rad/sec 

Oscillation amplitude, deg 
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e c 

 d/2V® 

Cone h a l f - a n g l e ,  deg 

A n g u l # r  f r e q u e n c y ,  r a d / s e c  

Reduced  f r e q u e n c y  p a r a m e t e r ,  t a d  

SUBSCRIPT 

o Moment r e f e r e n c e  a t  t h e  n o s e  
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SECTION I 
INTRODUCTION 

The p u r p o s e  o f  t h i s  r e p o r t  i s  t o  p r e s e n t  r e c e n t  d y n a m i c  s t a b i l -  
i t y  d a t a  t h a t  w e r e  o b t a i n e d  on s h a r p  and  b l u n t e d  1 0 - d e g  h a l f - a n g l e  
c o n e s  i n  t h e  5 0 - i n .  VKF t u n n e l  (Gas Dynamic  Wind T u n n e l ,  H y p e r s o n i c  
(C) )  a t  a n o m i n a l  Mach number  o f  10.  

The m e a s u r e m e n t s  w e r e  made a t  a f r e e - s t r e a m  R e y n o l d s  number  
t h a t  was s u f f i c i e n t l y  low t o  p r o v i d e  a l a m i n a r  b o u n d a r y  l a y e r  on 
t h e  m o d e l  s u r f a c e  when t h e  m o d e l  was o s c i l l a t i n g  ±2 d e g .  F o r  
c o m p l e t e n e s s  o f  t h e  r e p o r t ,  t h e  e f f e c t s  o f  R e y n o l d s  n u m b e r ,  o r  
r a t h e r  t h e  e f f e c t s  o f  b o u n d a r y - l a y e r  t r a n s i t i o n ,  on t h e  s t a t i c  and  
d y n a m i c  d e r i v a t i v e s  w i l l  be  r e v i e w e d .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  
o s c i l l a t i o n  a m p l i t u d e  and  c e n t e r - o f - g r a v i t y  l o c a t i o n  on t h e  s t a t i c  
and  d y n a m i c  s t a b i l i t y  d e r i v a t i v e s  w i l l  be  shown a l o n g  w i t h  t h e  
e f f e c t s  o f  f r e q u e n c y  o f  o s c i l l a t i o n  on t h e  p i t c h  d e r i v a t i v e s  a t  
Hach 10 .  The d a t a  w i l l  be  c o m p a r e d  w i t h  p r e d i c t i o n s  o f  s t e a d y  
( s t a t i c  s t a b i l i t y  o n l y )  and  u n s t e a d y  f l o w  f i e l d  t h e o r i e s .  

SECTIONII 
APPARATUS 

2.1 WIND TUNNEL 

T u n n e l  C i s  a c o n t i n u o u s ,  c l o s e d - c i r c u i t ,  v a r i a b l e  d e n s i t y  
w i n d  t u n n e l  w i t h  an a x i s y m m e t r i c  c o n t o u r e d  n o z z l e  and  a 5 0 - i n . -  
d i am t e s t  s e c t i o n .  The t u n n e l  c a n  be  o p e r a t e d  a t  a n o m i n a l  Mach 
number  o f  l 0  o r  12 a t  s t a g n a t i o n  c o n d i t i o n s  f r o m  200 t o  1850 p s i a  
a t  1900°R an d  f r o m  600 t o  2000  p s i a  a t  2 3 5 0 ° R ,  r e s p e c t i v e i y .  The 
m o d e l  may be  i n j e c t e d  i n t o  t h e  t u n n e l  f o r  a t e s t  r u n  and  t h e n  r e -  
t r a c t e d  f o r  m o d e l  c o o l i n g  o r  m o d e l  c h a n g e s  w i t h o u t  i n t e r r u p t i n g  t h e  
t u n n e l  f l o w .  A d e s c r i p t i o n  o f  t h e  t u n n e l  may be  f o u n d  i n  R e f .  1.  
A summary o f  t h e  t e s t  c o n d i t i o n s  i s  g i v e n  i n  T a b l e  I ( A p p e n d i x  I I ) .  

2.2 BALANCES 

2.2.1 Free-Oscillation Balance 

The o n e - d e g r e e - o f - f r e e d o m  d y n a m i c  b a l a n c e  u s e d  i n  t h e  p r e s e n t  
t e s t s  i s  a l a r g e  a m p l i t u d e  ( ± 1 5 - d e g )  s y s t e m  i n c o r p o r a t i n g  a c y l i n -  
d r i c a l  g a s  b e a r i n g  as  t h e  p i v o t .  The b a l a n c e  h a s  an a n g u l a r  t r a n s -  
d u c e r  w h i c h  p r o v i d e s  an a n a l o g  s i g n a l  p r o p o r t i o n a l  t o  m o d e l  a m p l i -  
t u d e ,  y e t  r e q u i r e s  no  p h y s i c a l  c o n t a c t  b e t w e e n  t h e  m o v i n g  and 
s t a t i o n a r y  p a r t s  o f  t h e  b e a r i n g .  A more  c o m p l e t e  d e s c r i p t i o n  o f  
t h e  s y s t e m  may be  f o u n d  i n  R e f .  2 .  
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2.2.2 Forced.Oscillation Balance 

The s m a l l  a m p l i t u d e  ( ± 3 - d e g )  f o r c e d - o s c i l l a t i o n  b a l a n c e  s y s t e m  
u s e d  i n  t h e  p r e s e n t  t e s t s  i s  a o n e - d e g r e e - o f - f r e e d o m  o s c i l l a t o r y  
s y s t e m  i n c o r p o r a t i n g  a c r o s s - f l e x u r e  p i v o t  and  i s  f o r c e d  t o  o s c i l l a t e  
by an e l e c t r o m a g n e t i c  s h a k e r  m o t o r .  A d d i t i o n a l  i n f o r m a t i o n  c o n c e r n i n g  
t h e  b a l a n c e  may be  f o u n d  i n  R e f .  2 .  

2.3 MODEL 

The m o d e l  u s e d  i n  t h e  p r e s e n t  t e s t s  was  a 1 0 - d e g  h a l f - a n g l e  
c o n e  (d  ~ 10 i n . )  and  had  a s e r i e s  o f  r e m o v a b l e  n o s e s  t o  p r o v i d e  
n o m i n a l  b l u n t n e s s  r a t i o s  ( r n / r  b) o f  0,  0 . 1 5 ,  and  0 . 3 .  The m o d e l  
was b a l a n c e d  s o  t h a t  t h e  m o d e l  b a l a n c e  c e n t e r  o f  g r a v i t y  was 
l o c a t e d  a t  t h e  b a l a n c e  p i v o t  a x i s .  

SECTION III 
DATA REDUCTION 

3.1 FREE-OSCILLATION TESTS 

N e i t h e r  t h e  s t a t i c  n o r  t h e  d y n a m i c  d e r i v a t i v e s  f o r  t h e  b l u n t e d  
c o n e s  w e r e  c o n s t a n t  w i t h  o s c i l l a t i o n  a m p l i t u d e .  The d i f f e r e n t i a l  
e q u a t i o n  d e s c r i b i n g  t h e  m o t i o n  i s ,  t h e r e f o r e ,  n o n l i n e a r .  The l o g  
d e c r e m e n t  t e c h n i q u e  ( l i n e a r  t h e o r y )  may s t i l l  b e  u s e d  i n  c a s e s  
when  t h e  a e r o d y n a m i c  s t i f f n e s s  (Cm~) i s  l i n e a r  by a p p l y i n g  t h e  l i n e a r  
t h e o r y  o v e r  s m a l l  t i m e  i n c r e m e n t s ~ h e r e  t h e  m o t i o n  i s  n e a r l y  e x p o -  
n e n t i a l l y  damped .  When t h e  a e r o d y n a m i c  s t i f f n e s s  v a r i e s  w i t h  o s c i l -  
l a t i o n  a m p l i t u d e ,  e r r o r s  i n  t h e  d a m p i n g  f a c t o r  a r e  i n t r o d u c e d  by 
u s i n g  t h e  l i n e a r  t h e o r y  a s  shown  by N i c o l a i d e s  i n  R e f .  3 .  The com-  
p l e t e  n o n l i n e a r  d a t a  r e d u c t i o n  t e c h n i q u e s  u s e d  i n  t h e s e  t e s t s  a r e  
p r e s e n t e d  i n  d e t a i l  i n  R e f .  4 .  

3.2 FORCED.OSCILLATION TESTS 

The f o r c e d - o s c i l l a t i o n  d a t a  w e r e  o b t a i n e d  a t  t h e  n a t u r a l  u n -  
damped f r e q u e n c y  o f  t h e  m o d e l - b a l a n c e  s y s t e m .  The m o d e l s  w e r e  
o s c i l l a t e d  i n  a vacuum c h a m b e r  a t  p r e s s u r e s  r a n g i n g  f r o m  0 . 5  p s i a  
t o  a t m o s p h e r i c  p r e s s u r e  i n  o r d e r  t o  d e t e r m i n e  t h e  d a m p i n g  r e s u l t i n g  
f r o m  a m b i e n t  p r e s s u r e .  The c o m p l e t e  d a t a  r e d u c t i o n  p r o c e d u r e s  may 
be  f o u n d  i n  R e f .  4 .  

2 
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SECTION IV 
RESULTS AND DISCUSSION 

4.1 EFFECTS OF BOUNDARY-LAYER TRANSITION 

During the course of an experimental study to determine the 
effects of support interference on the dynamic stability of a 
sharp 10-deg cone at supersonic speeds, Uselton (Ref. 5) found that 
there existed a consistent rise in the damping derivatives (Cmq + 

Cmd ) and fall in the static derivative (Cma) as shown in the sketch 

below. The maximum and minimum values of Cmq + Cmd and Cm , 
r e s p e c t i v e l y ,  w e r e  f o u n d  t o  
o c c u r  when  b o u n d a r y - l a y e r  
t r a n s i t i o n ,  ( t h e  b e g i n n i n g  o f  
f u l l y  d e v e l o p e d  t u r b u l e n t  
f l o w )  a s  d e t e c t e d  by  s c h l i e r e n  
p h o t o g r a p h s  a n d  b a s e  p r e s -  .~ 

s s u r e  m e a s u r e m e n t s ,  was  n e a r  
t h e  m o d e l  b a s e .  R e y n o l d s  + 
n u m b e r  h a d  no  e f f e c t  on t h e  
s t a t i c  o r  d y n a m i c  d e r i v a t i v e s  
i f  t h e  m o d e l  b o u n d a r y  l a y e r  
r e m a i n e d  l a m i n a r  o r  n e a r  
f u l l y  t u r b u l e n t  t h r o u g h o u t  i 
t h e  m o d e l  o s c i l l a t i o n  a m p l i -  
t u d e  r a n g e .  T h e s e  same t r e n d s  
w e r e  o b s e r v e d  by Ward a t  
h y p e r s o n i c  s p e e d s  a s  r e p o r t e d  
i n  R e f .  6 .  T y p i c a l  d a t a  f r o m  
t h e  a b o v e  s o u r c e s  a r e  shown 
in Fig. 1 (Appendix I). 

Boundary-Layer Transition 
near the Model Base 

Re~ 

Jaffee and Prislin con- 
ducted wind tunnel tests a t  Re£ 
the Jet Propulsion Laboratory 
(JPL) using the wind.tunnel 
free-flight technique in 
order to investigate the ef- 
fect of boundary-layer tran- 
sition on the dynamic stabil- 
ity of sharp, 10-deg half-angle cones (Ref. 7). A conclusion 
reached during the course of that work was that the nature of the 
boundary layer and the position of transition did not affect the 
dynamic stability of 10-deg half-angle cones. Later work, however, 
at JPL by Prislin (Ref. 8) using 10-deg half-angle cones led him 
to conclude that Reynolds number had a significant influence on 
the dynamic stability of sharp cones. 

In the earlier JPL work mentioned above (Ref. 7), a series of 
boundary-layer trips was used to promote transition and to provide 

3 
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s e v e r a l  " e f f e c t i v e "  R e y n o l d s  n u m b e r s  f o r  o n e  f r e e - s t r e a m  t u n n e l  
c o n d i t i o n .  S t u d i e s  w e r e  made o n l y  a t  z e r o  a n g l e  o f  a t t a c k  when  
t h e  t r i p  s i z e s  w e r e  s e l e c t e d ,  a n d  e s t i m a t e s  w e r e  made  w h e r e  t r a n -  
s i t i o n  w o u l d  be  moved  f o r  t h e  maximum t r i p  d i a m e t e r  u s e d .  I t  i s  
w e l l  d o c u m e n t e d  ( f o r  e x a m p l e ,  s e e  R e f s .  6 ,  9,  and  10) t h a t  a s  a 
c o n e  i s  y a w e d ,  t r a n s i t i o n  w i l l  move f o r w a r d  on t h e  l e e s i d e  a n d  
s l i g h t l y  r e a r w a r d  on t h e  w i n d  s i d e .  M c C a u l e y  e t  a l .  ( R e f .  10) h a v e  
s h o w n ,  h o w e v e r ,  t h a t  when  t r i p s  a r e  u s e d  t h e  r e v e r s e  may be  t r u e .  
T h i s  i s  r e a d i l y  a p p a r e n t  when  one  c o n s i d e r s  t h e  p h y s i c a l  s i t u a t i o n  
a t  t h e  t r i p  l o c a t i o n  on a y a w e d  c o n e .  The b o u n d a r y  l a y e r  on t h e  
w i n d w a r d  s i d e  h a s  t h i n n e d  m a k i n g  t h e  t r i p  m o r e  e f f e c t i v e ,  w h e r e a s  
t h e  b o u n d a r y  l a y e r  on t h e  l e e s i d e  h a s  b e c o m e  t h i c k e r  m a k i n g  t h e  
t r i p  l e s s  e f f e c t i v e .  I t  i s  c e r t a i n l y  p r o b a b l e  t h a t  b o u n d a r y - l a y e r  
t r i p s  c o u l d  s u b d u e  o r  e v e n  r e v e r s e  t h e  e s t a b l i s h e d  t r e n d s  n o t e d  
i n  t h e  s k e t c h  a n d  e x p l a i n e d  by  E r i c s s o n  i n  R e f .  11 a s  b e i n g  c a u s e d  
by v i s c o u s  t i m e - l a g  e f f e c t s .  

Now t h a t  t h e  e f f e c t s  o f  b o u n d a r y - l a y e r  t r a n s i t i o n  on t h e  s t a t i c  
a n d  d y n a m i c  s t a b i l i t y  o f  c o n e s  h a v e  b e e n  e s t a b l i s h e d ,  i t  s h o u l d  
b e c o m e  c l e a r  t h a t  o n e  s h o u l d  n o t  c o n s i d e r  t h i s  a R e y n o l d s  n u m b e r  
e f f e c t  when  a t t e m p t i n g  t o  c o m p a r e  d a t a  f r o m  one  t u n n e l  t o  a n o t h e r .  
R a t h e r ,  t h e  d a t a  s h o u l d  be  c o m p a r e d  on t h e  b a s i s  o f  t h e  t r a n s i t i o n  
R e y n o l d s  n u m b e r s  f o r  e a c h  w i n d  t u n n e l .  P a t e  a n d  S c h u e l e r  p r o v i d e  
i n  R e f .  12 c o n c l u s i v e  p r o o f  t h a t  t r a n s i t i o n  R e y n o l d s  n u m b e r  i s  a 
f u n c t i o n  o f  t u n n e l  s i z e .  I t  s h o u l d  a l s o  b e  a p p a r e n t  t h a t  when  w i n d  
t u n n e l  d a t a  a r e  c o m p a r e d  w i t h  t h e o r y ,  o n e  s h o u l d  c o m p a r e  d a t a  o b t a i n e d  
e i t h e r  b e f o r e  o r  a f t e r  t h e  r i s e  i n  t h e  d y n a m i c  s t a b i l i t y  a s  d e p i c t e d  
i n  t h e  s k e t c h .  

4.2 EFFECTS OF NOSE BLUNTNESS 

T y p i c a l  d y n a m i c  a n d  s t a t i c  s t a b i l i t y  d a t a  o b t a i n e d  on a 1 0 - d e g  
h a l f - a n g l e  c o n e  d u r i n g  t h e  p r e s e n t  t e s t s  a t  ~o ~ 10 w i t h  b l u n t n e s s  
r a t i o s  ( r n / r  b) o f  0 . 0 0 1 ,  0 . 1 5 1 ,  a n d  0 . 3 0 0  a r e  shown i n  F i g .  2 a s  a 
f u n c t i o n  o f  o s c i l l a t i o n  a m p l i t u d e .  T h e s e  d a t a  a r e  f r o m  m o d e l s  
t e s t e d  w i t h  t h e  c e n t e r  o f  g r a v i t y  a t  a p o i n t  60 p e r c e n t  a f t  o f  t h e  
v i r t u a l  l e n g t h  o f  t h e  c o n e  ( X c ~ / L  = 0 . 6 0 ) .  The d a m p i n g  d e r i v a t i v e s  
(Cmq + Cmd) a n d  s t a t i c  s t a b i l i t y  d e r i v a t i v e s  (Cm~) f o r  t h e  s h a r p  

c o n e  w e r e  c o n s t a n t  o v e r  t h e  a m p l i t u d e  r a n g e  t e s t e d .  F o r  t h e  b l u n t e d  
c o n e s ,  t h e  s t a t i c  s t a b i l i t y  d e r i v a t i v e  was  n o t  c o n s t a n t  w i t h  o s c i l -  
l a t i o n  a m p l i t u d e  ( e )  b u t  d e c r e a s e d  w i t h  a m p l i t u d e  f o r  r n / r  b = 0 . 1 5 1  
a n d  i n c r e a s e d  w i t h  a m p l i t u d e  f o r  r n / r  b = 0 . 3 0 0 .  The d a m p i n g  f o r  
b o t h  b l u n t e d  c o n e s  i n c r e a s e d  w i t h  a m p l i t u d e .  The u n s t e a d y  f l o w  
f i e l d  t h e o r y  ( R e f s .  13 a n d  14) a g r e e s  w e l l  w i t h  a l l  d e r i v a t i v e s  a s  
e a p p r o a c h e s  z e r o ,  a l t h o u g h  t h e  t h e o r y  p r e d i c t s  s o m e w h a t  l o w e r  

v a l u e s  t h e  b l u n t e d  o f  d a m p i n g  c o n e s .  (Cmq + Cmd) a n d  s o m e w h a t  h i g h e r  v a l u e s  o f  Cm~ f o r  

A l t h o u g h  n o t  s h o w n ,  s i m i l a r  t r e n d s  w i t h  a m p l i t u d e  w e r e  f o u n d  
f o r  t h e  s t a t i c  a n d  d y n a m i c  d e r i v a t i v e s  (Cm~ a n d  Cmq + Cm d)  a t  ~ = 10 

4 
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w i t h  t h e  p i v o t  a x i s  a t  65 p e r c e n t  o f  t h e  c o n e  v i r t u a l  l e n g t h  ( X c g / L  = 
0 . 6 5 ) .  The l e v e l s  o f  t h e  d e r i v a t i v e s  o b t a i n e d  a t  0 ffi ±2 deg  a r e  
shown i n  F i g .  3 a s  a f u n c t i o n  o f  n o s e  b l u n t n e s s  r a t i o  ( r n / r  b) and  
a r e  c o m p a r e d  w i t h  t h e  u n s t e a d y  f l o w  f i e l d  t h e o r y  ( R e f .  1 4 ) .  A g a i n ,  
t h e  a g r e e m e n t  w i t h  t h e o r y  i s  b e s t  f o r  t h e  s h a r p  c o n e  d a t a .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h e  v a r i a t i o n  w i t h  n o s e  b l u n t n e s s  t h a t  t h e  

+ and  Additional experimental theory predicts for both Cmq Cmd Cm~. 

data are needed at bluntness ratios between rn/r b ffi 0 and 0.15 to 
confirm the trends predicted by the theory. 

Clay conducted experiments at M~ = 14.2 at the Aerospace Re- 
search Laboratory (Ref. 15) to determine the effects of nose blunt- 
ness on Cmq + Cmd and Cm~ of a 10-deg half-angle cone. These data 

are compared in Fig. 4 with flow field theory (Ref. 14). The model 
moment reference point (model pivot axis) was held constant with 
respect to the cone virtual length at Xcg/L = 0.608. The measured 
damping derivatives (Cmq + Cmd) agree with the theory at rn/rb = 0 

and 0.15 and are higher than the theory at rn/rb = 0.30, as was the 
case with the present M~ = i0 data in Fig. 3. At rn/rb < 0.15, the 
trend predicted by the theory was not confirmed by these data. The 
Cm~ data were in better agreement With the trend predicted by the 

t h e o r y .  

I t  i s  i n t e r e s t i n g  t o  o b s e r v e  t h a t  t h e  o r i g i n a l  work  d o n e  by 
B r o n g  ( R e f .  13) on t h e  u n s t e a d y  f l o w  f i e l d  s o l u t i o n s  f o r  a s h a r p  
c o n e  y e i l d e d  CN~ v a l u e s  w h i c h  a g r e e d  p r e c i s e l y  w i t h  t h e  S t o n e - K o p a l  
r e s u l t s  ( r e f e r r e d  t o  h e r e i n  a s  C o n i c a l  F low T h e o r y )  f o r  t h e  s t e a d y -  
s t a t e  s o l u t i o n .  The e x t e n s i o n  of  B r o n g ' s  work  t o  i n c l u d e  b l u n t e d  
c o n e s  a s  r e p o r t e d  by R i e  e t  a l .  i n  R e f .  14 p r o v i d e s  a CN~ v a l u e  t h a t  
d o e s  n o t  a p p r o a c h  t h e  C o n i c a l  F low T h e o r y  a s  r n / r b  a p p r o a c h e s  z e r o .  
The t h e o r e t i c a l  v a l u e s ,  CN~ and  Cm~, f r o m  R e f .  14 a r e  shown i n  F i g .  
5 as  a f u n c t i o n  o f  r n / r  b f o r  a 1 0 - d e g  c o n e  a t  M~ = 10 .  One may s e e  
t h a t  CN~ d o e s  n o t  a p p r o a c h  t h e  l e v e l  p r o v i d e d  by C o n i c a l  F low T h e o r y .  

N o t e  t h e  C o n i c a l  F low T h e o r y  f o r  Cm~ ( F i g .  5 ) .  T h i s  c u r v e  was  

o b t a i n e d  by i g n o r i n g  t h e  p h y s i c a l  n o s e  b l u n t n e s s  o f  t h e  c o n e  and  
d e t e r m i n i n g  t h e  d i s t a n c e  t o  t h e  c e n t e r  o f  g r a v i t y  f r o m  t h e  v i r t u a l  
n o s e  o f  t h e  c o n e  (Xcg) and  u s i n g  t h e  v i r t u a l  l e n g t h  o f  t h e  c o n e  (L) 
t o  o b t a i n  X c g / L .  V a l u e s  o f  Cm~ may t h e n  be  o b t a i n e d  by u s i n g  t h e  

f o l l o w i n g  w e l l - k n o w n  e q u a t i o n s  f o r  s h a r p  c o n e s :  

C~, = Cma.o + CN= 

w h e r e  _ 2 L 
Cm~o 3 s e c 2  ec  CNe 

and  ( X ~ g  2 ) L 
Cm a - 3 s e c 2  Oc CNa 
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I t  w o u l d  s e e m  t h a t  t h i s  a p p r o x i m a t i o n  f o r  Cma may be  a m o r e  

v a l i d  e s t i m a t e  t h a n  t h e  u n s t e a d y  f l o w  ± i e l d  t h e o r y  o f  R e f .  14 i f  
o n e  l i m i t s  i t s  u s e  t o  v e r y  s m a l l  v a l u e s  o f  r n / r  b .  The l i m i t  f o r  
t h i s  c a s e  (e  c ffi 10 d e g ,  ~0 ffi 10) w o u l d  a p p e a r  f r o m  F i g .  5 t o  be  
r n / r  b ~ 0 . 0 7 .  I n  a d d i t i o n ,  one  m u s t  u s e  c a u t i o n  when  c o m p a r i n g  
e x p e r i m e n t a l  r e s u l t s  o f  n e a r  s h a r p  c o n e s  w i t h  t h e  t h e o r y  f o r  s h a r p  
c o n e s  and  s h o u l d  e n s u r e  t h a t  t h e  p r o p e r  r e f e r e n c e  l e n g t h s  a r e  u s e d .  

The u n s t e a d y  f l o w  f i e l d  t h e o r y  o f  R e f .  14 h a s  b e e n  p l o t t e d  i n  
F i g .  6 t o  show t h e  e f f e c t s  o f  n o s e  b l u n t n e s s  on Cmq + Cm~ - and  Cm~__ 

f o r  a 1 0 - d e g  h a l f - a n g l e  c o n e  a t  ~ ffi 10 f o r  X c g / ~  v a l u e s  r a n g i n g  
f r o m  0 . 5 2  t o  0 . 6 8 .  

4.3 EFFECTS OF CENTER.OF.GRAVITY LOCATION 

The v a r i a t i o n s  o f  t h e  d a m p i n g  d e r i v a t i v e s  (Cmq + C ~ )  w i t h  

c e n t e r - o f - g r a v i t y  l o c a t i o n  ( X c g / ~ )  f o r  s h a r p  and  b l u n t e d  1 0 - d e g  
h a l f - a n g l e  c o n e s  a t  M~ ffi 10 a r e  shown  i n  F i g .  7 .  The d a t a  w e r e  
o b t a i n e d  a t  o s c i l l a t i o n  a m p l i t u d e s  (8)  o f  a b o u t  ±2 d e g  u s i n g  t h e  
f o r c e d -  a n d  t h e  f r e e - o s c i l l a t i o n  t e c h n i q u e s .  The  e x p e r i m e n t a l  
d a t a  f o r  r n / r  b ffi 0 . 0 0 1  a p p e a r  t o  be  s c a t t e r e d  a b o u t  t h e  l e v e l  o f  
t h e  u n s t e a d y  f l o w  f i e l d  t h e o r y  ( R e f .  1 3 ) .  The  d a t a  f o r  r n / r  b ffi 
0 . 1 5 1  a r e  s l i g h t l y  a b o v e  t h e  t h e o r y  ( R e f .  1 4 ) ,  w h e r e a s  t h e  l e v e l  o f  
t h e  r n / r  b ffi 0 . 3 0 0  d a t a  i s  t w i c e  t h e  l e v e l  p r e d i c t e d  by  t h e  t h e o r y .  

The e f f e c t  o f  c e n t e r - o f - g r a v i t y  l o c a t i o n  ( X c g / ~ )  on c o n e  s t a t i c  
s t a b i l i t y  d e r i v a t i v e s  i s  shown i n  F i g .  8 a s  o b t a i n e d  by u s i n g  b o t h  
t h e  f r e e -  and  f o r c e d - o s c i l l a t i o n  t e c h n i q u e s .  The s h a r p  c o n e  d a t a  
a g r e e  a l m o s t  p r e c i s e l y  w i t h  t h e  u n s t e a d y  f l o w  f i e l d  t h e o r y  ( R e f .  1 3 ) .  
The r n / r  b = 0 . 3 0 0  d a t a  a g r e e  w e l l  w i t h  t h e  t h e o r y  ( R e f .  1 4 ) ,  b u t  t h e  
same t h e o r y  o v e r p r e d i c t s  t h e  l e v e l  o f  Cm a m e a s u r e d  f o r  r n / r  b = 0 . 1 5 1 .  

4.4 EFFECTS OF REDUCED FREQUENCY 

F i g u r e  9 shows  t h e  e f f e c t s  o f  r e d u c e d  f r e q u e n c y  ( ~ d / 2 V ~ )  on 
t h e  d a m p i n g  d e r i v a t i v e s  (Cmq + Cm~) f o r  1 0 - d e g  c o n e s  w i t h  b l u n t n e s s  

r a t i o s  ( r n / r b )  o f  0 . 0 0 1 ,  0 . 1 5 1 ,  and  0 . 3 0 0 .  The d a t a  w e r e  o b t a i n e d  
a t  ~0 ffi 10 and  a t  f r e e - ~ t r e a m  R e y n o l d s  n u m b e r s  (Re~)  r a n g i n g  f r o m  
1 . 8 0  x 106 t o  3 . 1 9  x 10 v u s i n g  t h e  f r e e -  and  f o r c e d - o s c i l l a t i o n  
t e c h n i q u e s .  The d a t a  show t h a t  t h e  d a m p i n g  d e r i v a t i v e s  i n c r e a s e d  
w i t h  ~ d / 2 V ~  a t  some e x p o n e n t i a l  r a t e .  No c o n c l u s i o n  on t h e  e f f e c t s  
o f  ~ d / 2 V ~  on t h e  d a m p i n g  d e r i v a t i v e s  w i l l  be  d rawn a t  t h i s  t i m e .  
I t  d o e s  a p p e a r  t h a t  a d d i t i o n a l  e x p e r i m e n t s  a r e  n e e d e d  t o  c o n f i r m  
t h e s e  t r e n d s  a n d  t o  e x t e n d  t h e  r a n g e  o f  ~ d / 2 V ~ .  

, . r  
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